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Electronic correlations play an important role in determining the properties of solid state systems, in par-
ticular, in the presence of narrow bands. In intermetallic alloys the strength of correlation effects and, thus, the
details of the electronic structure depend on the concentration of the constituents, their interactions, and the
degree of chemical order. Although the electronic structure of such a system can be conveniently studied by
photoelectron spectroscopy, the interpretation of the spectra is nontrivial. To enable a quantitative analysis of
chemically disordered systems showing correlation effects in photoemission spectroscopy we therefore incor-
porate dynamical mean-field theory in the fully relativistic version of layer-Korringa-Kohn-Rostoker theory
and treat the results within the relativistic one-step model of photoemission generalized to the magnetic alloy
case. Our ansatz allows the study of complex layered structures like thin films and multilayers and an almost
naturally incorporation of a realistic surface barrier potential. We apply our theory to photoemission data of the
magnetic alloy system NixPd1−x001 and demonstrating that state-of-the-art photoemission theory is required
to deal with this complex system. The comparison over a large alloy concentration range provides us with a
means to disentangle the influence of alloying and correlation effects.
DOI: 10.1103/PhysRevB.82.024411 PACS numbers: 75.70.Rf, 73.20.r, 75.50.Bb, 79.60.i
I. INTRODUCTION
Ferromagnetic alloys and specifically binary ones have
focused a high level of scientific activity over the last de-
cades. This is due to the unique possibility these materials
offer to tune the magnetic properties such as the magnetic
moment, Curie temperature or magnetocrystalline anisotropy
over a wide range. The binary alloy FeCo shows a magnetic
moment higher than the ones of its constituents at a Co con-
centration of 20%.1 The magneto-optical effects in transi-
tion metal ferromagnets are considerably enhanced by alloy-
ing with elements with large spin-orbit coupling, such as Pd
or Pt.2,3 Intermetallic compounds with lanthanides are known
for their superb hard magnetic properties.4
These fascinating properties seem to be very promising
for further experimental and theoretical investigations. Due
to this fact it is not surprising that interest in scientific inves-
tigations on magnetic alloys has continued up to now. A true
material design relevant for technological applications is in-
timately connected with a detailed understanding of the sur-
face and interface electronic structure of these systems.
Given the complexity of the problem, it is reasonable to start
with relatively simple systems, such as binary compounds.
Especially the alloy of the isoelectronic elements nickel and
palladium is an ideal candidate to demonstrate and challenge
the capability of modern calculational concepts to perform
quantitative photoemission analysis. The challenge lies in the
demand to successfully combine techniques that allow treat-
ing in a fully relativistic mode the aspects of chemical dis-
order and correlation effects of 3d bands and to incorporate
this in a one-step photoemission model.
The bulk NixPd1−x alloy system is fully miscible and crys-
tallizes in the face-centered cubic lattice structure.5 Möss-
bauer measurements at the bulk alloy material indicated
ferromagnetic ordering for any nickel concentration larger
than 2%.6 For our studies, we prepared NixPd1−x alloy films
on a Cu3Au100 substrate with a thickness of 15 mono-
layers ML. Ultrathin films of NixPd1−x on Cu1007 and
Cu3Au100 Ref. 8 exhibit an inverse spin-reorientation
transition, as it is also known for ultrathin Ni films on
Cu100.9,10 In addition, within a certain thickness range the
orientation of the magnetization direction can be controlled
by the alloy composition. In this case, the magnetoelastic
anisotropy plays a seminal role in the competition of the
different contributions to the magnetic anisotropy. It’s mag-
nitude and sign can be adjusted via the lattice mismatch be-
tween alloy film and substrate.8 As magnetism and the elec-
tronic band structure properties are always interconnected, a
detailed knowledge of the electronic band structure may help
to deepen the understanding of the contributions to the mag-
netoelastic anisotropy. Involved in the magnetoelastic aniso-
tropy and in addition an interesting property of the NixPd1−x
alloy system is the size of spin-orbit coupling. Although one
cannot state a single value for the spin-orbit coupling, be-
cause it changes as a function of the position in the Brillouin
zone, one may assume in general that its strength increases
when the content of palladium is enlarged in the alloy. For
the d-like bands along the -direction, we find averaged val-
ues of 0.1 eV11 and 0.3 eV12 for Ni and Pd, respectively.
Therefore, the NixPd1−x system allows us to study the con-
tinuous change of the spin-orbit coupling and its implication
on the electronic band structure e.g., by its influence on hy-
bridization effects. One has to be aware, however, that the
NixPd1−x alloy system introduces two complications for the
evaluation of the photoemission data. One is the surface
roughness of the NixPd1−x films that depends on the alloy
composition due to the different lattice mismatch between
film and substrate. Pronounced intensity oscillations of a dif-
fracted electron beam recorded during film growth indicated
a good layer-by-layer growth for Ni0.35Pd0.65 on Cu3Au100
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that deteriorates for higher or lower Ni concentrations.7 A
rough surface contributes to breaking the momentum conser-
vation in the photoemission process and leads to a smearing
of the photoelectron spectra. The second complication stems
from the unknown segregation effect at the surface. Dynami-
cal low-energy electron diffraction studies at the 100 sur-
face of a Ni0.50Pd0.50 single crystal alloy gave evidence for an
oscillatory segregation profile within the first three surface
layers.13 Its possible implication, e.g., for a proper descrip-
tion of the surface in the one-step photoemission model
should be considered when evaluating the photoemission
data. Another related point is the consequence for a proper
modeling of the alloy film for the density-functional theory
DFT simulations, as the real surface composition may dif-
fer from the measured bulk composition. Important in this
discussion may be also the escape depth of the measured
photoelectrons that will vary with the photon excitation en-
ergy.
Experimentally, the interesting valence band region
around the Fermi energy is accessible by means of ultraviolet
photoemission spectroscopy PES14 and inverse photoemis-
sion spectroscopy IPE.15 It is widely accepted to interpret a
measured photoemission spectrum by referring to the results
of band structure calculations that are based on DFT and the
local spin density approximation LSDA.16,17 Provided that
the electronic and geometric structure is known, some basic
spectral features can be explained and a qualitative under-
standing may be gained. To achieve a reliable interpretation
of the experimental spectra, however, it is inevitable to deal
quantitatively with the following points. First of all, the wave
vector and energy dependence of the transition-matrix ele-
ments has to be accounted for. These dependencies are
known to be important and actually cannot be neglected.
They result from strong multiple-scattering processes which
dominate the electron dynamics in the low-energy regime of
typically 1–200 eV.18 The transition-matrix elements also in-
clude the effects of selection rules. Last but not least, a real-
istic description of the surface barrier is essential for a quan-
titative description of surface states and resonances in simple
metals but also in more complex structures such as thin films
and multilayers.
The most successful theoretical approach to deal with
photoemission is the so-called one-step model as originally
proposed by Pendry and co-workers.18–20 A review on the
recent developments and refinements21 of the approach can
be found in Ref. 22 and 23. The main idea of the one-step
model is to describe the actual excitation process, the trans-
port of the photoelectron to the crystal surface as well as the
escape into the vacuum24 as a single quantum-mechanically
coherent process including all multiple-scattering events.
Within this model self-energy corrections, which give rise to
damping in the quasiparticle spectrum, are properly included
in both the initial and the final states. This for example al-
lows for transitions into evanescent band gap states decaying
exponentially into the solid. Similarly the assumption of a
finite lifetime for the initial states gives the opportunity to
calculate photoemission intensities from surface states and
resonances. Treating the initial and final states within the
fully relativistic version of layer Korringa-Kohn-Rostoker
KKR theory,25 it is a straight forward task to design com-
plex layered structures such as thin films and multilayers
within the photoemission theory. Furthermore, the surface
described by a barrier potential can be easily included into
the multiple-scattering formalism as an additional layer. A
realistic surface barrier model which shows the correct
asymptotic behavior has been introduced, for example, by
Rundgren and Malmström.26 Here, we present the new ver-
sion of the fully relativistic one-step model, which is a
straightforward generalization of the original work on disor-
dered alloys of Durham and Ginatempo27,28 for magnetic al-
loys. The paper is organized as follows. In Sec. II, we present
the fully relativistic photoemission theory for magnetic al-
loys. In Sec. III, we discuss the experimental and computa-
tional details. Sec. IV is devoted to our experimental and
theoretical results. A summary is given in Sec. V.
II. FULLY RELATIVISTIC ONE-STEP MODEL
OF PHOTOEMISSION FOR ALLOYS
A. General considerations
We start our considerations by a discussion of Pendry’s





− f,k . 1
The expression can be derived from Fermi’s golden rule
for the transition probability per unit time.29 Consequently,
IPES denotes the elastic part of the photocurrent. Vertex
renormalizations are neglected. This excludes inelastic en-
ergy losses and corresponding quantum-mechanical interfer-
ence terms.19,29,30 Furthermore, the interaction of the outgo-
ing photoelectron with the rest system is not taken into
account. This “sudden approximation” is expected to be jus-
tified for not too small photon energies. We consider an
energy-, angle-, and spin-resolved photoemission experi-
ment. The state of the photoelectron at the detector is written
as  f ,k, where k is the component of the wave vector
parallel to the surface, and  f is the kinetic energy of the
photoelectron. The spin character of the photoelectron is im-
plicit included in  f ,k which is understood as a four-
component Dirac spinor. The advanced Green function G2
− in
Eq. 1 characterizes the scattering properties of the material
at the final-state energy E2 f. Via  f=G2
− f ,k all
multiple-scattering corrections are formally included. For an
appropriate description of the photoemission process we
must ensure the correct asymptotic behavior of  fr beyond
the crystal surface, i.e., a single outgoing plane wave char-
acterized by  f and k. Furthermore, the damping of the final
state due to the imaginary part of the inner potential iV0iE2
must be taken into account. We thus construct the final
state within spin-polarized low-energy electron diffraction
SPLEED theory considering a single plane wave  f ,k
advancing onto the crystal surface. Using the standard layer-
KKR method25 generalized for the relativistic case,22,23 we
first obtain the SPLEED state −U fr. The final state is
then given as the time-reversed SPLEED state U=−iyK is
the relativistic time inversion. Many-body effects are in-
cluded phenomenologically in the SPLEED calculation, by
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using a parametrized, weakly energy-dependent and complex
inner potential V0E2=V0rE2+ iV0iE2 as usual.18 This
generalized inner potential takes into account inelastic cor-
rections to the elastic photocurrent29 as well as the actual
real inner potential, which serves as a reference energy
inside the solid with respect to the vacuum level.31 Due to
the finite imaginary part iV0iE2, the flux of elastically scat-
tered electrons is continuously reduced, and thus the ampli-
tude of the high-energy wave field  fr can be neglected
beyond a certain distance from the surface. The practical
calculation starts with the Dirac Hamiltonian hLSDA =m
=e=1, c=137.036 which one has to consider in the frame-
work of relativistic spin DFT:32,33
hLSDAr = − ic  + c2 − c2 + VLSDAr + BLSDAr .
2
VLSDAr denotes the effective spin-independent potential,












↑ r − VLSDA
↓ r
b . 4
The constant unit vector b determines the spatial direction of
the uniform magnetization as well as the spin quantization
axis.  denotes the usual 4	4 Dirac matrix with the nonzero
diagonal elements 11=22=1 and 33=44=−1, and the
vector  is given by its components 
k=xk k=x ,y ,z
in terms of the 2	2 Pauli-matrices k. Solutions of the cor-
responding Dirac equation may be found by use of the
phase-functional ansatz of Calogero35 generalized to the rela-
tivistic case.25,36,37
The “low-energy” propagator G1
+ in Eq. 1, i.e., the one-
electron retarded Green function for the initial state in the
operator representation, yields the “raw spectrum.” It is di-
rectly related to the “bare” photocurrent and thereby repre-
sents the central physical quantity within the one-step model.
G1
+G1
+Ei is to be evaluated at the initial-state energy Ei
 f −−0, where  is the photon energy 0 stands for the
chemical potential. In the relativistic case G1
+ is described by
a 4	4 Green matrix which has to be obtained for a semi-
infinite stack of layers. This quantity is defined by the fol-
lowing equation:
	Ei + 0 − hLSDAr
G1
+r,r,Ei = − r − r . 5
In order to account for strong electronic correlations beyond
the LSDA-scheme one has to introduce a nonlocal, energy,
and spin-dependent potential U. This quantity can be defined
in the following way:
Ur,r,E = r − r	VLSDAr + BLSDAr
 + V













The resulting integrodifferential equation for the initial-
state one-electron retarded Green function takes the form:
	E + 0 + ic  − c2 + c2
G1
+r,r,E
+ Ur,r,EG1+r,r,Edr = r − r . 9
According to the LSDA+DMFT approach realized in the
framework of the fully relativistic Korringa-Kohn-Rostoker
multiple scattering theory SPR-KKR38 we use a self-energy
DMFTE calculated self-consistently using dynamical
mean-field theory DMFT.39
The explicit form in relativistic notation is given by:
Ur,r,E = 	Vr + ˆBr
r − r + 
DMFTEl2l2.
10
The spin-orbit quantum number  and magnetic quantum
number  were combined in the symbol =  ,.
B. LSDA+DMFT treatment of disordered alloys
In this section we shortly review the coherent potential
approximation CPA40,41 within LSDA+DMFT scheme.
CPA is considered to be the best theory among the so-called
single-site local alloy theories that assume complete ran-
dom disorder and ignore short-range order. This scheme is
implemented within the above mentioned SPR-KKR method.
The combination of the CPA and LSDA+DMFT turned out
to be a quite powerful technique to calculate electronic struc-
ture properties of substitutionally disordered correlated
materials.38,42,43 Within the CPA the configurationally aver-
aged properties of a disordered alloy are represented by a
hypothetical ordered CPA medium, which in turn may be
described by a corresponding site-diagonal scattering path
operator CPA, which in turn is closely connected with the
electronic Green’s function. The corresponding single-site
t-matrix tc
CPA and multiple scattering path operator CPA are





For example a binary system AxB1−x composed of compo-
nents A and B with relative concentrations xA and xB is con-
sidered. The above equation represents the requirement that
embedding substitutionally an atom of type A or B into the
CPA medium should not cause additional scattering. The
scattering properties of an A atom embedded in the CPA
medium, are represented by the site-diagonal component-
projected scattering path operator A angular momentum in-
dex omitted here
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where tA and tCPA are the single-site matrices of the A com-
ponent and of the CPA effective medium. A corresponding
equation holds also for the B component in the CPA medium.
The coupled sets of equations for CPA and tCPA have to
be solved iteratively within the CPA cycle. The quantity
D= 	1+ tA−1− tCPA−1 
−1 is called CPA-projector.
The above scheme can straightforwardly be extended to
include the many-body correlation effects for disordered
alloys.38 According to the LSDA+DMFT approach realized
in the framework of the fully relativistic SPR-KKR multiple
scattering theory we use a self energy A
DMFTE calculated
self-consistently using dynamical mean field theory.39 Within




 are directly in-
cluded into the single-site matrices tA and tB, respectively by
solving the corresponding Dirac Eq. 9. Consequently, all
the relevant physical quantities connected with the Green’s
function and used in the next section, as for example, the
matrix elements or scattering matrices like tCPA contain the
electronic correlations beyond the LSDA scheme.
C. Calculation of the photocurrent
The first step in an explicit calculation of Eq. 1 consists
in the setup of the relativistic SPLEED-formalism within the
CPA theory. The coherent scattering matrix tcn
CPA for the nth
atomic site together with the crystal geometry determines the




























By means of the layer-doubling technique the so called bulk-
reflection matrix can be calculated, which gives the scatter-
ing properties of a semi-infinite stack of layers. Finally ap-
plying the SPLEED-theory25 we are able to derive the final
state for the semi-infinite crystal.
 in Eq. 1 is the dipole operator in the electric dipole
approximation which is well justified in the visible and ul-
traviolet spectral range. It mediates the coupling of the high-
energy final state with the low-energy initial states. In a fully
relativistic theory the dipole interaction of an electron with
the electromagnetic field is given by the dipole operator
=−A0 where A0 is the spatially constant vector potential
inside the crystal. Dealing with the matrix element  fi
between eigenspinors  f and i of the Dirac Hamiltonian
with energies Ef and Ei, respectively,  is given by:






A0 	 BLSDA, 14
with E=−2ic / 	Ef +c22− Ei+c22
. The expression is de-
rived by making use of commutator and anticommutator
rules analogously to the nonrelativistic case in Ref. 44.
According to Pendry19 the calculation of G1
+
, and in con-
sequence the calculation of the photocurrent, can be divided
into four different steps. The first contribution Ia, the so
called “atomic contribution” results from the replacement of
G1
+ in Eq. 1 by G1,a
+
. The second contribution Im, describes
the multiple scattering of the initial state. The third contribu-
tion Is to the photocurrent takes care of the surface. When
dealing with the disorder in the alloys, an additional Iinc, the
so called ”incoherent” term appears. Following Durham
et al.27,28 we have to perform the configurational average of
these four contributions:
IPES f,k = Ia f,k + Im f,k + Is f,k
+ Iinc f,k . 15
For the atomic contribution the averaging procedure is
trivial, since Ia f ,k is a single site quantity. The atomic
contribution is build up by a product between the matrix
Z jn
n
a and the coherent multiple scattering coefficients Ajn
c
of the final state. Herein n denotes the nth cell of the jth layer
and  denotes again the combined relativistic index. It fol-
lows:














n denotes the different atomic species located at a
given atomic site n of the jth layer. The corresponding con-
centration is given by xjn
n.
For an explicit calculation Za must be separated into an-
gular matrix elements and radial double matrix elements. A
detailed description of the matrix Za and of the multiple
scattering coefficients Ajn
c for the different atomic species is
given in Refs. 22 and 23.
The intrainter-layer contributions Im f ,k to the pho-
tocurrent describe the multiple scattering corrections of the
initial state G1
+ between and within the layers of the single
crystal. They can be written in a similar form:









In analogy to the atomic contribution the coherent matrix
Zc2 can be separated into angular and radial parts. The dif-
ference to the atomic contribution is that the radial part of the
matrix Zc2 consists of radial single matrix elements instead
of radial double integrals. In the alloy case this matrix results
in the following expression:

















The radial and angular parts of the matrix element are de-
noted by R2 and D. The CPA-average procedure explicitly
is represented in terms of the CPA-projector D jn
n represent-
ing the 
 species at site n for layer j. CB and CG denote the
coherent multiple scattering coefficients of the initial state



















































Finally, the coherent scattering coefficients CG for the inter-
































 in Eq. 23 represent the plane-wave
expansion of the initial state between the different layers of
the semi-infinite stack of layers. For a detailed description of
the matrices Za, Z1, and Z2 and of the multiple scattering
coefficients djgms
 the reader again is referred to Refs. 22 and
23.
Within the contribution Is f ,k one takes care of the
surface of the semi-infinite crystal. According to Durham27
the surface contribution remains unchanged compared to the
ordered case: Is f ,k= Is f ,k. In particular, it follows
for the surface part of the photocurrent:
Is f,k  Im dr fsrisr , 24
with
i
sr = drGs+r,r fsr . 25
In the case of a z-dependent barrier potential VB=VBz, the
initial and final state wave fields have to be calculated nu-
merically in the surface region, as it has been shown by
Grass et al.45 Both wave fields i
sr and  f
sr can be de-









gzeikfgr − c , 27
with the regular solutions of the Schrödinger equation g and
g to the reciprocal lattice vector g for VBz in the range
−zcz. The value cz defines the point, where the surface
potential joins smoothly to the inner potential of the bulk
crystal.
Final evaluation of the surface contribution gives:






where Az is the z component of the amplitude A0 and q is the
wave vector of the photon field. For a step barrier VBz
=Vorz−c1z, where  is the unit step function, Pendry’s
result19 will be reproduced. Vor denotes the constant inner
potential of the bulk crystal.
The last contribution to the alloy photocurrent is the so
called incoherent part Iinc f ,k, which appears because
the spectral function of an disordered alloy40 is defined as a
non-single-site quantity. In fact this contribution is closely
connected with the presence of the irregular wave functions
well known from the spherical representation of the Green
function G1
+
. The incoherent term is defined as:



































at which  jn
n
00 denotes the one-site restricted average CPA
matrix for species 
n at atomic site n for layer j. cjn00 repre-
sents the corresponding matrix for the coherent medium. The
incoherent part Iinc f ,k completes the CPA-averaged
photocurrent within the fully relativistic one-step model. The
next chapter deals with the experimental and computational
details of our explicit photocurrent analysis for the ferromag-
netic binary alloy NixPd1−x.
III. COMPUTATIONAL AND EXPERIMENTAL DETAILS
A. Computational details
The self-consistent electronic structure calculations were
performed within the ab initio framework of spin-density-
functional theory. The Vosko, Wilk, and Nusair parametriza-
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tion of the exchange and correlation potential was used.46
The electronic structure was calculated in a fully relativistic
mode by solving the corresponding Dirac equation. This was
achieved using the spin polarized relativistic multiple scat-
tering or Korringa-Kohn-Rostoker formalism.47 To account
for electronic correlations beyond the LSDA16,17 we em-
ployed a combined LSDA+DMFT scheme, self-consistent in
both the self-energy calculation and in the charge density
calculation, as implemented within the relativistic SPR-KKR
formalism.38 As a DMFT-solver the relativistic version of the
so-called spin-polarized T-matrix plus fluctuation exchange
SPTF approximation48,49 was used. In contrast to most
other LSDA+DMFT implementations, within the SPR-KKR
scheme the complex and energy-dependent self-energy
DMFT is implemented as an additional energy-dependent po-
tential to the radial Dirac equation, which is solved in order
to calculate the new Green’s function. This procedure is re-
peated until self-consistency in both the self-energy and the
charge density is achieved. The double counting problem
separation of the Hubbard Hamiltonian from the LSDA one
was considered within the usual around mean-field AMF
limit. This scheme was successfully used before in describ-
ing magneto-optics,50 photoemission,51–53 and orbital mag-
netic moments42 in 3d transition metals.
An appealing feature of the multiple scattering formalism
is the possibility to calculate substitutionally disordered ma-
terials within the CPA. The CPA is considered to be the best
theory among the so-called single-site local alloy theories
that assume complete random disorder and ignore short-
range order. A combination of the CPA and LSDA+DMFT
within SPR-KKR method has been used recently.38,42,43 The
self-energy within the DMFT is parametrized by the average
screened Coulomb interaction U and the Hund exchange in-
teraction J. The J parameter can be calculated directly within
the LSDA and is approximately the same for all 3d elements;
we used JNi=0.9 eV for the Ni atoms throughout our work.
The parameter U is strongly affected by the metallic screen-
ing and it is estimated for the 3d metals between 1–3 eV. We
used UNi=2.3 eV for the Ni atoms. As far as it concerns the
Pd atoms, the local correlation effects are often assumed to
be insignificant for noble metals. However, it was shown in
recent LSDA+DMFT Ref. 43 and LSDA+U studies54 that
for CoPt alloys a nonzero U value for Pt is necessary to
reproduce the experimental values for the orbital magnetic
moments and for the magnetocrystalline anisotropy. Follow-
ing this arguments we used UPd=0.5 eV and JPd=0.9 eV.
DMFT calculations have been performed for T=400 K and
we used 4096 Matsubara poles to calculate the correspond-
ing SPTF self-energy. The effective potentials were treated
within the atomic sphere approximation ASA. As men-
tioned above the investigated NixPd1−x alloy films were epi-
taxially grown on a Cu3Au100 substrate. Therefore, our
calculations are based on the fcc structure with the Cu3Au
lattice constant alat=3.746 Å fixed for all concentrations x.
For the multipole expansion of the Green’s function, an an-
gular momentum cutoff of lmax=3 was used. The integration
in the k space was performed by the special points method
using 1600 k points in the irreducible wedge.
For the photoemission calculations we had to use a
concentration-dependent inner potential Vo, since the Fermi
energy depends on the composition. Lifetime effects in the
initial states have been included via the imaginary part of the
complex self-energy obtained from the self-consistent
LSDA+DMFT calculation. To take care of impurity scatter-
ing a small constant imaginary value of iVi=0.05 eV was
added to Im DMFT for the complete series of alloys. For the
final states a constant imaginary part iVf=2.0 eV has been
chosen in a phenomenological way, again independent from
the concentration x. A crucial point for a quantitative evalu-
ation of our photoemission data is an appropriate adaption of
the surface potential. It is known for a long time that the
local density approximation, and probably gradient-corrected
schemes as well, are not able to provide the correct asymp-
totics of a potential away from the crystal surface. Therefore,
a DFT surface potential gives only a good description for
surface states which are located near the Fermi energy. This
is not, however, a general shortcoming of the density func-
tional theory. It has been demonstrated, e.g., by Gunnarsson
et al.17,55 that in the weighted-density approximation a model
function describing the shape of the exchange-correlation
hole can be tuned in such a way as to fulfill several physi-
cally important limiting conditions, including the 1 /z asymp-
totics of the potential outside a solid surface. The ab initio
calculations incorporating the weighted-density approxima-
tion remain, however, relatively rare and have not yet been,
to our knowledge, successfully applied to the study of
surface-related states. So far, an ad hoc adjustment of the
potential barrier near the surface remains an acceptable alter-
native. A realistic description of the surface potential is given
through a spin-dependent Rundgren-Malmström barrier,26
which connects the asymptotic regime zzA to the bulk
muffin-tin zero Vor by a third order polynomial in z, span-
ning the range zAzzE. In other words zE defines the point
where the surface region end and the bulk region starts, at
which zI defines the position of the classical image plane.
The values of the three parameters zI, zA and zE, which fi-
nally lead to a quantitative agreement between the mea-





=−3.36−3.36 a.u. and zE
↑↓
=0.00.0 a.u.. This parametrization was chosen as concen-
tration independent and has been optimized by comparison
with the experimental data. For details of the procedure the
reader is referred to Ref. 22. Nevertheless, the surface poten-
tial itself depends on the concentration because the inner
potential is concentration dependent due to the change of the
Fermi level with x. In consequence one should expect ener-
getic shifts of surface features as a function of the concen-
trations x. The calculated intensity distributions have been
multiplied with the Fermi function and convoluted with a
Gaussian of FWHM=0.3 eV to account for the finite reso-
lution of the experiment.
B. Experimental details
The preparation of the NixPd1−x films and the photoemis-
sion experiments have been performed under ultra-high-
vacuum conditions base pressure 2·10−10 mbar. For this
purpose, we connected a preparation chamber housing all
necessary devices to grow and characterize our samples with
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a second chamber especially dedicated to perform photo-
emission spectroscopy. In this chamber we combined two
spectrometer systems, a SES 100, a hemispherical electron
analyzer 	manufacturer: VGScienta, Sweden
, and a cylindri-
cal sector analyzer CSA 300 	manufacturer: Focus GmbH,
Germany
 equipped with a low-energy electron spin-
polarization detector. The experiments were conducted at the
undulator beamline U125–1-PGM at the BESSY synchrotron
radiation facility in Berlin. The 15 monolayer thick alloy
films were grown in situ on a Cu3Au100 crystal that was
repeatedly sputtered with Ar ions and annealed until a clean
and flat surface could be verified by Auger electron spectros-
copy AES and low-energy electron diffraction LEED.
Nickel purity 99.999% and Palladium purity 99,95%
were simultaneously co-evaporated by electron beam as-
sisted heating of two separate rod materials allowing one to
prepare films with any desired alloy composition. The thick-
ness of the alloy films was precisely monitored by the inten-
sity oscillation of a diffracted electron beam kinetic energy
2 keV during film growth. This technique called medium
energy electron diffraction MEED displays a periodic os-
cillation of the 0,0 beam provided that the films grows in a
layer-by-layer mode Frank—van der Merwe growth. Our
MEED data showed a pronounced intensity oscillation for
the Ni0.33Pd0.67 film. This observation matches nicely with
the vanishing lattice misfit for Ni0.36Pd0.64, assuming a linear
dependency between alloy composition and lattice misfit.
For Ni0.47Pd0.53 we found less pronounced intensity oscilla-
tions over the complete thickness range, while Ni0.67Pd0.33
exhibited only even weaker oscillations that were fading
away at 11 ML. From these observations we can deduce an
almost perfect surface quality for Ni0.33Pd0.67 that deterio-
rates for Ni0.47Pd0.53, and even more for Ni0.67Pd0.33. The
compositions of the alloy films were derived from AES stud-
ies. As mentioned above, NixPd1−x films may exhibit a spin-
reorientation transition. In our case, due to the chosen thick-
ness of 15 ML, the alloy films are magnetized out-of-plane
independent from the alloy composition. The undulator
beamline at BESSY offered linearly polarized light having
the E-vector oriented in-plane with the incoming light and
the wave vector of the detected photoelectrons. The sample
was illuminated under 45° to the sample normal, while the
photoelectrons emitted along the surface normal were ana-
lyzed. According to nonrelativistic dipole selection rules,
only photoelectrons from initial bands with 1 and 5 sym-
metry can be excited in this geometry. The spin-integrated
spectra were recorded with the SES 100 at room temperature.
The energy resolution set in the beam line amounted to 70
meV, which is slightly higher than the energy resolution de-
fined by the SES 100 settings 50 meV. The angular and
energy resolved spectra were averaged within a 1 degree
interval that was symmetrically centered around the normal
emission direction. Each displayed spectrum is normalized to
its maximum intensity value.
IV. DISCUSSION
A. Electronic structure calculations
In Fig. 1, we show element-resolved spin and orbital mag-
netic moments for NixPd1−x as calculated by the LSDA and
the LSDA+DMFT approach. As can be seen in Fig. 1, Ni
induces an appreciable spin magnetic moment on the Pd-site
about Pd0.3B throughout the whole concentration
range. The calculated average magnetic moments in NixPd1−x
alloys agree well with the corresponding experimental ones56
and recently calculated57 values. However, one has to stress
that our calculations presented here have been performed us-
ing the Cu3Au lattice constant, which lies midway between
Ni and Pd. Due to this fact our averaged magnetic moments
are higher for the Pd- and Ni-rich alloys then corresponding
experimental data measured for fcc-NixPd1−x alloys.56 Using
the LSDA+DMFT we obtain only slight changes of the spin
magnetic moments in comparison to the LSDA calculations.
While the spin magnetic moments for 3d-transition metals
and their alloys are described rather accurately by the LSDA,
the orbital magnetic moments are systematically underesti-
mated. On the other hand, the explicit account for local
many-body correlations within the LSDA+DMFT approach
can improve the description of the orbital magnetic
moments.42,43 Also for NixPd1−x the use of the DMFT intro-
duced remarkable change for the orbital moments as can be
seen in Fig. 1. For the Ni-rich region we see a slight increase
of the Pd orbital magnetic moment. In the case of Ni we
obtain an increase of the orbital magnetic moment mostly by
factor of two in the Pd-rich region.
In Figs. 2 and 3, we present the density of states DOS
and spectral function calculations both as functions of the
concentration x. They already allow us to qualitatively assign
some spectral intensities in our photoemission data to Ni or
Pd. In Fig. 3 the bare Bloch spectral functions are shown that
result from a pure LSDA calculation. In addition we present
the corresponding data obtained self-consistently using the
LSDA+DMFT method. The element- and spin-resolved
DOS’s for the series of alloys Fig. 2 range from pure Pd to
pure Ni in steps of 10%, respectively, 20% of the concentra-
tion x. The paramagnetic DOS for Pd with the 4d-states lo-
cated roughly between EF and 3 eV binding energy and the
sp-states at higher binding energies appear more or less un-
structured, as expected. Increasing the concentration of Ni
the alloys DOS gets spin split reflecting ferromagnetic order
and an increasing weight of Ni 3d-states near the Fermi level
can be observed. Moreover at about 6 eV binding energy the



































FIG. 1. Color online Spin left panel and orbital right panel
magnetic moments of NixPd1−x as a function of the concentration x
calculated within LSDA and LSDA+DMFT, respectively. DMFT
parameters: UNi=2.3 eV, UPd=0.5 eV, and JNi,Pd=0.9 eV
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Ni sp-states appear. Starting with 30% of Ni the correspond-
ing DOS’s tend to be more structured with a significant shift
of electronic density toward EF. For Ni0.50Pd0.50 the strongest
mixture of Ni- and Pd-states over the whole range of binding
energies is observed. Due to the specific DOS distribution for
pure Ni and pure Pd, we can identify a slight dominance of
the Ni DOS near EF and of the Ni 6 eV satellite for higher
binding energies. Due to the perturbative nature of the SPTF
solver we find the satellite at slightly higher binding energy
of about 7 eV.38 At concentrations 70% of Ni the DOS’s
exhibit mostly the characteristic features of the pure ferro-
magnetic Ni DOS. The shoulder at the Fermi level becomes
more pronounced, and the dips indicating Pd states are
smeared out.
More detailed information about the electronic structure is
obtained from the Bloch spectral functions shown in Fig. 3.
Again, the spectral functions are shown for a series of alloys,
at which the concentration x varies in steps of 10%, respec-
tively, 20% starting from pure Pd. In contrast to the LSDA
+DMFT based DOS calculations shown in Fig. 2 we present
LSDA as well as LSDA+DMFT based spectral functions to
demonstrate the effect of strong electronic correlations in the
different alloys. For the Pd-rich end of the system it is clearly
observable, that due to the alloying, even for a Ni concentra-
tion of 10% the electronic states appear to be smeared out
and the dispersion is reduced in general. For Ni concentra-
tions between 30% and 70% one enters the concentration,
where the smearing of electronic spectral function reaches a
maximum value and the dispersion nearly vanishes over a
wide range of binding energies. As it has been discussed
above, this result is in fully agreement with the DOS calcu-
lations, which show the most pronounced mixing of Ni- and
Pd-states within this concentration regime.
Due to the simultaneous occurrence of spin-orbit coupling
and exchange splitting which is treated on equal footing in a
fully relativistic theory, majority, and minority spin bands
occur together for regions where the spin character is no
longer well-defined due to hybridization. For that reason we
refrain from explicitly distinguishing between majority and
minority spin states as is done in nonrelativistic spectral
function calculations.
In Fig. 3, the effect of strong electronic correlations in the
electronic alloy states is visualized. The deviations between
the LSDA and LSDA+DMFT based spectral functions are
clearly observable. The bands resulting from the LSDA-
DMFT calculation are shifted toward the Fermi level com-
pared with the pure LSDA-derived bands. Also the disper-
sion behavior is different and the spin-splitting is
significantly reduced. All of these effects have to be assigned
to the real part of the self-energy DMFT that acts as a non-
local, spin-, and energy-dependent potential on the various
d-bands of Ni and Pd. Furthermore the smearing of the dif-
ferent bands resulting from the alloying effect is enhanced
due to the imaginary part of the self-energy DMFT, which is
energy-dependent too. These effects, of course, should be
observable in the corresponding photoemission spectra that
will be discussed in the next subsection.
B. One-step calculations
Concerning the spectroscopic analysis we restrict our-
selves to the range of concentrations where the alloying ef-
fect is most pronounced. This is, as discussed before, the
case for Ni0.30Pd0.70, Ni0.50Pd0.50, and Ni0.70Pd0.30 alloys. In
Fig. 4, we present a series of normal emission ARUPS spec-
tra for photon energies ranging from 18 to 40 eV. The angle
of light incidence was chosen 45° to the surface normal and
the linear polarization was directed horizontal to the reaction
plane. In the left panel we show the theoretical photoemis-
sion spectra for Ni0.30Pd0.70 that are based on a pure LSDA-
like electronic structure calculation. The measured spectra
are shown in the middle panel. For reasons of comparison
and to demonstrate the effect of strong electronic correlations






























































































































































































































FIG. 2. Color online Spin- and element-resolved NixPd1−x
DOS’s as a function of the concentration x calculated within
LSDA+DMFT. Upper panel left side shows the paramagnetic Pd
DOS. Lower panel right side shows the ferromagnetic Ni DOS.
DMFT parameters: UNi=2.3 eV, UPd=0.5 eV, and JNi,Pd
=0.9 eV
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we additionally present the theoretical LSDA+DMFT based
spectra in the right panel of Fig. 4.
As most prominent feature we observe a dominant peak
that disperses from 1 eV binding energy to about 2.5 eV as a
function of the photon energy. This feature is, by comparison
with the corresponding spectral function calculation, attrib-
uted to d-states which result from a strong admixture of Ni
3d states to the Pd 4d bands. The variety of different d-states
that appear between EF and 3 eV binding energy may be also
responsible for the pronounced asymmetric line shape which
even changes into a double peak structure for certain excita-
tion energies. In the experimental data the double peak struc-
ture is much more pronounced and visible over the whole
range of photon energies. We also observe a pronounced shift
of spectral weight toward the Fermi level, when compared to
the LSDA calculations. This shift is connected with a band
narrowing indicating therefore a less pronounced dispersion
compared to the LSDA prediction. Furthermore, the lifetime
of the deeper lying sp-states is underestimated in the spec-
troscopic analysis. The structure calculated at about 3.5 eV
binding energy is hidden in experiment on the background
and the sp-like structure at 6 eV binding energy shows a
lower intensity.
A detailed theoretical analysis within the one-step model
in combination with a correlation corrected electronic struc-
ture results in the series of spectra presented in the right
panel. As an expected result the dispersion behavior is re-
duced and the peaks are shifted toward the Fermi level. This
is in much better agreement with the experiment than the
LSDA based calculations. Also the relative intensities, which
we obtained for the different spectra reflect quantitatively the
experimental findings. Last but not least the double-peak
structure is reproduced in better agreement with the experi-
mental data, especially for higher excitation energies. A care-
ful analysis of this two-peak feature reveals that a strong
amount of surface emission takes place in the peak at lower
FIG. 3. Spin-polarized NixPd1−x bare Bloch
spectral functions for different concentrations x.
We show the LSDA first and third row and
LSDA+DMFT second and fourth row based
calculations starting from pure Pd upper panel,
left side to pure Ni lower panel, right side
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binding energy indicating a d-like surface resonance. This is
because the latter one is only slightly affected when increas-
ing the z component of the vector potential Az. A surface
state would be more sensitive to variations in Az.
Despite the much better agreement between experiment
and LSDA+DMFT based spectra we find from Fig. 4 that
still some discrepancies exist. First the sp-like intensity dis-
tributions at higher binding energies are still overestimated in
intensity. The explanation is found in the imaginary part of
the electronic self-energy DMFT which only acts on the life-
time of the d-states. Adding a heuristic energy-dependent
self-energy explicitly for sp-states would solve this problem.
This was not done here to demonstrate exclusively the im-
pact of DMFT-like corrections in the electronic states of
NixPd1−x alloys. Furthermore, the change in the intensity ra-
tio between the surface resonance and the bulk feature is
underestimated in the theoretical analysis. The final discrep-
ancy observed consists in the trend that the mainly Pd-
associated peaks are slightly shifted to higher binding ener-
gies in the calculations, even when applying the LSDA
+DMFT scheme. This is well known from other paramag-
netic metals like Ag and can be explained in terms of static
correlations in the Pd-states not explicitly considered here.
In Fig. 5, we present the spectroscopic quantities of the
Ni0.50Pd0.50 alloy. In this case we have the most pronounced
alloying effect. Over nearly the whole range of binding en-
ergies a strong mixture of all Ni- and Pd-states takes place.
This is documented in the corresponding spectral function
and DOS calculation as well. The experimental data show a
dominant spectral feature at about 1 eV binding energy that
only slightly disperses with the excitation energy. The
double-peak feature is less pronounced. This observation can
be explained by an increased amount of surface emission in
comparison to the Ni0.30Pd0.70 alloy. Or, in other words, the
alloy behaves more Ni-like for lower binding energies. Also
the relative intensity distribution of the sp-states is reduced
and visible only as a dip on top of a huge background. This
scenario is very roughly reproduced by the LSDA-based cal-
culation seen in the left panel of Fig. 5. The calculation re-
sults in a more broadened two-peak structure which, in con-
tradiction to the experimental findings, shows the second
peak at higher binding energy with the maximum intensity
and in consequence leads to a spectral distribution that is
shifted in energy by nearly 1 eV off the Fermi level.
The LSDA+DMFT calculation significantly improves the
situation. The maximum in intensity is now located more or
less at the experimental value, the dispersion is reduced and
the two-peak features are less pronounced for all photon en-
ergies. These effects can be attributed to the electronic cor-
relations which are better described by the LSDA+DMFT
calculation. On the other hand, the calculated spectral fea-
tures are still too broad. Again, the reason for this observa-
tion can be found in the Pd d-bands that should appear closer
to EF. In addition, our one-step photoemission analysis re-
veals that the direct Pd d-f-transitions seem to be overesti-
mated in intensity in comparison to the corresponding Ni-
type matrix elements. An explanation may be found in terms
of the final states, which in general are insufficiently de-
scribed even by a LSDA+DMFT calculation. With the as-
sumption of a smaller Pd d-f-cross section a more quantita-
tive agreement would be achieved.
The last example deals with the Ni0.70Pd0.30 alloy see Fig.
6. Here, the agreement between experiment and theory is
very satisfying. This is clearly observable when comparing
the LSDA+DMFT results with the measurements presented
in Fig. 6. On the other hand, the pure LSDA-based spectra
shown in the left panel agree only qualitatively with the ex-
perimental data as observed for the other alloys. Therefore,
FIG. 4. ARUPS spectra of the Ni0.30Pd0.70001 alloy surface for
different photon energies in the range from h=18 eV to h
=40 eV along X in normal emission. The left panel presents cal-
culated photoemission spectra based on a LSDA electronic structure
calculation. The experimental spectra are presented in the middle
panel and the theoretical LSDA+DMFT based spectra are shown in
the right panel. Due to the high concentration of Pd the spectral
distribution is more pronounced for higher binding energies.
FIG. 5. Same as Fig. 4 but spectra measured and calculated for
the Ni0.50Pd0.50 alloy system. As expected, Ni- and Pd-generated
peak structures are visible with an intermediate energy range be-
tween 2 and 4 eV binding energy.
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they will not be discussed in more detail here. Nevertheless,
some questions are connected to the origin of the spectral
distributions need to be discussed in more detail. The main
peak structure at about 1 eV binding energy is dominated by
Ni d-states. The peak at lowest binding energy is surfacelike
in analogy to the pure Ni001 surface.58 The shoulder at
about 2.5–3.0 eV binding energy is mostly due to Pd d-state
excitations and the structure dispersing around 6.5 eV bind-
ing energy is identified as being due to excitations from the
sp-band consisting of both Ni- and Pd-states. These findings
are in line with our DOS calculations from which the distri-
bution of Ni- and Pd-states as a function of the binding en-
ergy can be discerned. To summarize, we can state that be-
sides the quantitative agreement only the double-peak
structure shows up a bit more pronounced in theory. Further-
more, it turns out that the overall agreement for the complete
alloy series is more or less quantitative when applying the
LSDA+DMFT formalism, but the degree of agreement de-
pends to some extent on the concentration. The main differ-
ences are caused by the Pd d-states that seem to be slightly
shifted by the calculations to higher binding energies. In
Figs. 4–6, we have analyzed our spectroscopic results for
three different alloys to map the E versus k dispersion as a
function of alloying and electronic correlation in the
NixPd1−x system. In a final step we want to study now in
more detail the alloying effect by keeping the photon energy
constant at h=40 eV. Figure 7 shows a series of spectra as
a function of the concentration x. The experimental data have
been presented in the top panel of Fig. 7 and the correspond-
ing LSDA+DMFT-based spectroscopic calculations are pre-
sented in the bottom panel.
Our theoretical analysis undoubtedly shows that starting
from the pure Ni case, the agreement is fully quantitative
within less than 0.1 eV binding energy, as expected. Going to
the Ni0.80Pd0.20 alloy the agreement is on the same level of
accuracy concerning the range of binding energies between
EF and 2 eV. Inspecting the Ni0.80Pd0.20 alloy DOS this fact
becomes explainable, because this energy interval represents
the Ni-dominated region. The Pd-states start to appear at
FIG. 6. Same as Fig. 4 but spectra measured and calculated for
the Ni0.70Pd0.30 alloy system. Due to the high concentration of Ni
the spectral distributions show the highest intensities for energies
near Fermi level.
















































FIG. 7. ARUPS spectra taken from the NixPd1−x001 alloy sur-
faces as a function of the concentration x for a fixed photon energy
of h=40.0 eV along X in normal emission. Experimental data
shown at the top panel calculated spectra presented below. Depend-
ing on the concentration x a pronounced shift in spectral weight
toward the Fermi level is visible.
THEORY OF RELATIVISTIC PHOTOEMISSION FOR… PHYSICAL REVIEW B 82, 024411 2010
024411-11
about 2 eV below EF besides of the small dip at the Fermi
level. For higher binding energies the agreement is also very
good, at which a bit more structure is observable in the
theory, especially around 3.5 eV. An explanation for this be-
havior can be found in terms of lifetime effects, but it should
be mentioned here that the experimental intensity back-
ground consisting of secondary electrons was not considered
in the theoretical analysis on purpose. The Ni0.70Pd0.30 alloy
system has been investigated extensively before and needs
not to be discussed again, but as part of the concentration-
dependent series it becomes much better visible that the
amount of spectroscopic disagreement is mainly introduced
by the increasing concentration of Pd. The same argument
holds for the Ni0.50Pd0.50 and Ni0.30Pd0.70 alloys shown next
in the series. In addition, the spectra of Ni0.30Pd0.70 reveal
deviation near the Fermi level. The spectral intensity of the
Ni surface resonance in the calculation is underestimated
compared to the measurement.
We stated already in the introduction that the NixPd1−x
alloy system poses two complications. One is an oscillatory
surface segregation profile that has been deduced from
LEED measurements for the Ni0.50Pd0.50 system13 and also
theoretically predicted for different crystal orientations.59
Both theory and experiment have in common an alternating
Pd enrichment and depletion as a function of the layer num-
ber. Obviously, the segregation may have a strong impact on
the Ni surface resonance state located at the Fermi level. But
on the basis of our experimental data we cannot qualify the
segregation effect and answer the question, whether or not
the discrepancy in the spectral intensity between experiment
and theory may emerge due to segregation effects. It is
known that the spectral height and width of surface states or
resonances are modified by surface roughness. The pro-
nounced intensity oscillations recorded by MEED during
growth of the Ni0.30Pd0.70 sample indicate a smooth layer-by-
layer growth and can be attributed to the perfect lattice
matching between substrate and NixPd1−x film for this alloy
concentration. As the MEED oscillations deteriorate for all
other alloy concentrations we can deduce for them also an
increasing smearing out of the surface resonance peak. But,
although we can state a minimum for the surface roughness
of the Ni0.30Pd0.70 sample, we cannot qualify this property
and its influence on the spectral weight of the Ni surface
resonance. Our one-step photoemission model does not take
into account the surface roughness.
The last alloy concentration presented here is Ni0.10Pd0.90.
Inspecting the DOS calculation one can see that the Pd con-
tribution on the electronic structure distinguishes itself only
marginally from the pure Pd metal case. Therefore, the spec-
tral distribution shown in Fig. 7 is representative for Pd, too.
A shift of spectral weight is observed when comparing ex-
periment and theory. This is due to the combined effect of
static correlations in Pd, underestimated in the calculation,
and due to an overestimation of spectral weight around 3 eV
binding energy. The latter one is most probably related to an
insufficient description of the final states. This results in ma-
trix elements between the Pd d-states and f-like final states
that overestimate the corresponding transitions.
V. SUMMARY
Our spectroscopic analysis has clearly demonstrated that
the electronic properties of the NixPd1−x alloy system very
sensitively depend on the interplay of alloying and electronic
correlation. A description within the LSDA approach in com-
bination with a CPA method results in a qualitative descrip-
tion of the electronic structure of NixPd1−x only. The use of
the CPA alloy theory self-consistently combined with a
DMFT+LSDA electronic structure calculation is essential,
whereas the application of the fully relativistic one-step
model of photoemission, which takes into account chemical
disorder and electronic correlation on equal footing guaran-
tees a quantitative analysis of the spectroscopic data.
In our study on the ferromagnetic NixPd1−x alloy system
we observed a complex interplay of alloying effects and
electronic correlations. We found, that in order to arrive at a
quantitative description of the spectroscopic measurements,
it is inevitable to apply in the electronic structure calculation
the CPA alloy theory self-consistently combined with the
DMFT+LSDA method. Within the framework of the gener-
alized version of the fully relativistic one-step model of pho-
toemission, which takes into account chemical disorder and
electronic correlations on equal footing we were able to
model nearly all experimentally observed features in a quan-
titative sense. In particular, we found from our investigations
that surface emission manifests itself in the double-peak
structure observed for lower binding energies in a variety of
photoemission spectra. A shift of spectral weight concerning
the Pd states was observed from the calculations, and could
be explained by an insufficient description of the Pd final-
state bands in combination with an underestimation of life-
time effects in the sp-like states of Ni and Pd. Furthermore,
the role of alloying could be disentangled from the correla-
tion effects by a variation of the concentration x. To con-
clude, we were able to describe the electronic and magnetic
structure of NixPd1−x in detail by applying a combined ex-
perimental and theoretical angle-resolved photoemission
analysis. Future experimental work could probably deal with
spin-resolved data in order to learn even more about the in-
terplay of alloying, electronic correlations and relativistic ef-
fects in binary ferromagnetic alloys like NixPd1−x.
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